This work is based on a long time series of data collected in the well-preserved Bay of Calvi (Corsica island, Ligurian Sea, NW Mediterranean) between 1979 and 2011, which include physical characteristics (31 years), chlorophyll a (chl a, 15 years), and inorganic nutrients (13 years). Because samples were collected at relatively high frequencies, which ranged from daily to biweekly during the winter-spring period, it was possible to (1) evidence the key role of two interacting physical variables, i.e. water temperature and wind intensity, on nutrient replenishment and phytoplankton dynamics during the winter-spring period, (2) determine critical values of physical factors that explained interannual variability in the replenishment of surface nutrients and the winter-spring phytoplankton bloom, and (3) identify previously unrecognised characteristics of the planktonic ecosystem. Over the >30 year observation period, the main driver of nutrient replenishment and phytoplankton (chl a) development was the number of wind events (mean daily wind speed >5 m s
Introduction
Phytoplankton blooms are events of rapid production and accumulation of biomass, i.e. transient departures from the usual quasi-equilibrium, when primary production temporarily exceeds grazing and sinking losses and transport (Paerl, 1988; Legendre, 1990; Cloern, 1996) . In temperate zones, exceptionally high concentrations of phytoplankton develop during relatively short periods of the year, especially at the end of winter and during spring. Annually recurrent blooms imply that the ecosystem recreates, over the autumn and winter, the conditions necessary for a buildup of biomass, showing that the winter-spring bloom is not an isolated event, but a feature of the annual cycle (Evans and Parslow, 1985; Behrenfeld, 2010) .
Favourable conditions for phytoplankton growth occur when high concentrations of deep nutrients have been injected to the photic layer by vertical water exchanges, and irradiance is high enough for photosynthesis to exceed respiration (e.g. Mann and Lazier, 1996; D'Ortenzio and Prieur, 2012) . The factors that cause nutrient replenishment of the upper layer by deep vertical mixing include processes that increase surface water density by cooling or evaporation, those processes being largely driven by cold air temperature and dry wind stirring (Williams and Follows, 2003; Salat et al., 2010) . Mixing is particularly strong in the surface layer, http://dx.doi.org/10.1016/j.pocean.2015.05.027 0079-6611/Ó 2015 Elsevier Ltd. All rights reserved.
where there are continuous exchanges of energy with the atmosphere (D'Ortenzio and Prieur, 2012) .
In the Western Mediterranean Sea, the occurrence of the winter-spring phytoplankton bloom is one of the most characteristic features of planktonic ecosystems, and a second, less intense peak in phytoplankton biomass develops in some areas in late summer or autumn (Estrada et al., 1985; Zingone et al., 1995; Licandro et al., 2006) . There is high variability in the timing of the blooms over the basin (e.g. Bosc et al., 2004; D'Ortenzio and Ribera d'Alcalà, 2009; Bernardello et al., 2012) . In offsfore waters, the winter-spring bloom occurs between the end of February and the beginning of May (e.g. Morel and André, 1991; Marty and Chiavérini, 2010; Siokou-Frangou et al., 2010) . In coastal areas, the most common pattern is the occurrence of a phytoplankton bloom in February-March (Herrera and Margalef, 1961; Estrada et al., 1985; Charles et al., 2005) , but variability amongst regions and years is higher than in offshore waters. For example, peak values in chlorophyll a (chl a) have been reported to occur between January in Banuyls-sur-Mer (Gulf of Lion; Neveux et al., 1975) and Blanes Bay (NE Spain; Duarte et al., 1999) and in May in the Gulf of Naples (Thyrrhenian Sea, Ribera d' Alcalà et al., 2004) .
In the offshore waters and coastal areas of the Mediterranean Sea, the characteristic winter-spring bloom has been reported to develop in the upper water column when surface heating increases water column stability and thus causes the beginning of summer stratification (e.g. Estrada, 1996; Duarte et al., 1999) . In these waters during the following stratified period, chl a concentration in the upper layer is very low, and a well-marked deep chl a maximum develops at the depth of the nitracline (Estrada et al., 1985; Marty et al., 2002) .
In offshore Mediterranean waters, the strong interplay between physical processes acting on the distribution of nutrients and phytoplankton phenology has been studied at different temporal and spatial scales using both field (e.g. Andersen and Prieur, 2000; Vidussi et al., 2000; Marty et al., 2002) and modelling (e.g. Crise et al., 1999; Lazzari et al., 2012; Lavigne et al., 2013) approaches. Overall, these studies have indicated that the wind is the most relevant factor that influences the annual buildup of phytoplankton biomass (e.g. D'Ortenzio and Ribera d 'Alcalà, 2009; Siokou-Frangou et al., 2010; Olita et al., 2011) . However, no Mediterranean data series has had both the time resolution and duration to identify unambiguously the processes that control the interannual variability of phytoplankton blooms and quantify these processes.
Contrary to the offshore waters, few studies only have addressed the long-term responses of phytoplankton to physical forcing in Mediterranean coastal areas. The few available nutrient and phytoplankton time series concern highly urbanised areas, where long-term variability reflects the combined effects of climate and anthropogenic forcing, e.g. land-derived nutrients delivered to coastal waters by river discharges (Bernardi Aubry et al., 2004; Mozetič et al., 2010; Arin et al., 2013) , fertiliser runoff and industrial effluents (Ninčević Gladan et al., 2010) , urban runoff from very densely populated regions (Ribera d'Alcalà et al., 2004; Zingone et al., 2010) , and aquaculture (Sara et al., 2011) . The studies based on these time series could not distinguish the responses of phytoplankton to physical forcing from those induced by multiple human disturbances. To our knowledge, the only investigations in a coastal Mediterranean area free from local anthropogenic pressure have been conducted in the Bay of Calvi (Corsica, Northwestern Mediterranean; Goffart, 1992; Goffart et al., 2002; Skliris et al., 2001a) .
In the present study, we use a long-term time series of observations made in the Bay of Calvi between 1979 and 2011, to investigate the effects of key natural drivers on surface nutrient replenishment, and to provide new insights on the regulation of the winter-spring phytoplankton blooms by environmental factors.
Materials and methods

Regional setting and study area
The Bay of Calvi (Fig. 1) is located on the western coast of Corsica island, and it opens to the north to the Ligurian Sea, which is one of the main sub-basins of the Northwestern Mediterranean Sea. The bay is influenced by the Modified Atlantic Water of the Western Corsica Current (WCC), flowing northeastwards off the bay, in quasi-geostrophic balance, and following the isobaths (Skliris et al., 2011) . The WCC is 20-30 km wide, relatively deep (%200 m) and stable, even if it is sometimes disturbed by mesoscale phenomena (Bethoux and Prieur, 1983; Millot, 1991; Goffart et al., 1995) . It separates the lighter waters on the continental, eastern side from the denser waters of the central Ligurian Sea (Sournia et al., 1990) . North of Corsica, the WCC and the more variable Eastern Corsican Current (or Tyrrhenian Current) join together to form the Northern Current, which displays pronounced variations in its seasonal structure and is usually referred to as the Liguro-Provençal current in the Ligurian Sea (Astraldi et al., 1994; Millot, 1999) . As far as the pelagic ecosystem is concerned, one of the peculiarities of the Ligurian Sea is that the shelf region is more oligotrophic than the offshore areas (e.g. Sournia et al., 1990; Goffart et al., 1995; Pinca and Dallot, 1995) .
The Bay of Calvi is strongly exposed to the dominant southwesterly winds (called Libeccio), and to the less frequent northeasterly winds (called Gregale). The bay is characterised by a narrow continental shelf (mean width % 3 km) and the presence of a deep canyon (mean depth % 600 m) with steep sides (bottom slope up to 40%) that intersects the shelf in front of the city of Calvi. The depth within the bay itself reaches 70 m, and increases rapidly offshore. The presence of the deep canyon at the mouth of the bay enhances shelf-slope exchanges, and influences the circulation within the bay. At the local scale, the mean horizontal current is deviated upstream of the canyon to form an anticyclonic gyre in the western part of the bay and a cyclonic gyre in the eastern part. Average values of current velocity obtained from long-term measurements of the subsurface currents during low wind conditions (wind speed <4 m s
À1
) are of the order of 7 and 5 10 À2 m s À1 in the western and eastern parts of the bay, respectively (Djenidi, 1985; Djenidi et al., 1987; Skliris et al., 2001b) . In some cases, transient upwelling structures and input of offshore water occur during strong wind events (Brohée et al., 1989; Goffart, 1992; Skliris et al., 2001a) .
The Bay of Calvi is a well-preserved, low-runoff system, i.e. local runoff from the Figarella River in the eastern part of the bay is small and irregular, which reflects the stormy Mediterranean precipitation regime. Water quality in the bay is high (Boissery et al., 2013) , which is explained by the low anthropogenic pressure, i.e. absence of agricultural or industrial activities, small permanent population (ca. 5400 residents), and tourism, which is the main economic activity, limited to July and August. According to years, surface salinity ranges from 37.6 to 38.1 during winter mixing conditions, and nitrate and silicate reach maximum concentrations of 2.0-3.0 lM (same maximum values for the two nutrients) over the whole water column (Goffart, 1992; Goffart et al., 2002) . During the stratified period, nutrients are depleted from surface to depth, and the nutrient inputs from runoff or human activities are too low to relax the oligotrophic conditions of the bay. A dense and continuous Posidonia oceanica meadow extends on the sandy seabed from 5 to 40 m (Gobert et al., 2003) , and photophilic algae colonise the rocky shore from a few centimetres below the surface to 25 m depth (Hoffmann et al., 1992) .
The University of Liège (Belgium), through its marine research station STARESO, operates a permanent sampling station (PHYTOCLY) in the western part of the bay. It is located close to the cape Revellata, which is a fully protected wilderness area.
Sampling
Sampling was conducted at the PHYTOCLY station and, on rare occasions, at the canyon head station (Fig. 1) . The position of the PHYTOCLY station is 42°34.85 0 N, 08°43.71 0 E, close to the 40 m isobath. In some cases, depending on meteorological conditions and/or boat availability, sampling was performed slightly closer to the shore (42°34.85 0 N, 08°43.60 0 E), on the 10 m isobath. The two locations are 150 m from each other. Surface Total chl a (Tchl a, i.e. chl a + DVchl a, see below) and nitrate were sampled simultaneously at the two locations in winters of 1999 and 2009. The two combined data sets showed strong similarity between concentrations measured at the two locations, i.e. for NO 3 , r 2 = 0.98 (n = 95), and for Tchl a, r 2 = 0.99 (n = 79 Table 1 . In addition, water samples were collected at 4 to 9 depths between surface and bottom (i.e. 40 m) on twenty occasions between January and June 1999. In the present study, we combine results from a total number of 1128 sampling dates.
Water samples for nutrient determinations (20 ml) were frozen immediately in polyethylene flasks and stored at À20°C until analysis. The flasks had previously been soaked in 10% HCl for 24 h, and rinsed three times first with Milli-Q water and then with the sampled water. Samples for chl a analysis (1-5 L) were prefiltered through a 200 lm mesh screen to remove mesozooplankton.
They were immediately filtered under low vacuum pressure (<100 mm Hg) through Whatman GF/C filters (nominal pore size 1.2 lm) in 1979 and 1986, and through Whatman GF/F filters (nominal pore size 0.7 lm) from 1988 onwards. The filters were wrapped in aluminium foil and stored at À20°C. The use of GF/C filters during the first 2 time series may have resulted in an underestimation of chl a concentration, but both GF/C and GF/F filters retain a higher proportion of small particles than could be expected from their nominal pore sizes. In a study carried out in the Northwestern Mediterranean, parallel measurements using GF/C and 0.4 lm Nucleopore filters did not show significant differences (Estrada et al., 1993) .
Water temperature and CTD profiles
Temperature at 3 m (hereinafter referred to as subsurface temperature) was measured 350 m to the west of the PHYTOCLY station Table 1 Number of sampling days and sampling frequency for each of the 16 years when nutrients and/or chl a were sampled in surface waters at the PHYTOCLY station. The ''cold-water period'' is the winter period during which subsurface water temperature was continuously 613.5°C. (Fig. 1) . Following the practice in physical oceanography, water density at in situ temperature (q t ) was transformed into r t (i.e. q t À 1000.00 kg m À3 ). The mixed layer depth was determined from r t profiles as the depth where the difference with the r t value at 5 m was Dr t = 0.05 kg m À3 (Levy et al., 1998) .
Cold-water period
In this work, we define the ''cold-water period'' as the winter period during which subsurface water temperature was 613.5°C. The boundaries of the cold-water period were fixed as follows: the cold-water period started the first day on which water temperature dropped below 13.5°C and was 613.5°C for at least one day, and ended the day from which increasing water temperature exceeded 13.5°C for at least one week.
Wind data, wind events and winter intensity index (WII)
Mean wind speed (m s
À1
) and mean wind direction (degrees calculated clockwise from the geographical north) were measured during 10 min every third hour at the Calvi airport by Méteo France, the French national weather organisation, under ''FF'' and ''DD'' denominations, respectively. They were recorded over the whole 1979-2011 period, with one interruption in both 1980 and 1981. Mean wind direction was recorded in 20°increments until January 1988, and in 10°increments from February 1988 onwards. We computed mean daily wind speed from the FF data set. Here we define a Wind Event as a day characterised by a mean daily wind speed >5 m s À1 . We calculated the frequency distribution of wind direction from the DD data set.
In the Mediterranean, the effect of strong winter winds on the mixed layer depth is high, and on surface temperature is very low (D'Ortenzio and Prieur, 2012) . Hence wind intensity and winter water temperature are quite independent, and a long cold-water period is not necessarily the consequence of very windy conditions. This led us to define and calculate the following Winter Intensity Index (WII):
where CW is the duration (number of days) of the cold-water period, and WE is the number of wind events during the cold-water period. We considered that low (<1.3), intermediate (1.3-3.5) and high (>3.5) WII characterised mild, moderate and severe winters, respectively. We used WII as a proxy to assess the intensity of winter vertical mixing that could affect nutrient enrichment of surface waters.
Nutrients and chl a determination
Nutrients were determined using a Technicon AutoAnalyser II, within 3 months of sampling. Nitrate and nitrite were analysed according to working procedures of Tréguer and Le Corre (1975) . Nitrate concentration was obtained by subtracting the corresponding nitrite value from the NO 3 + NO 2 concentration. The analytical limits of detection (two times the standard deviation of the blank) were 0.02 lM and 0.01 lM for NO 3 and NO 2 , respectively. Silicate in samples collected in 1988 and from 1997 to 2011 was determined according to Atlas et al. (1971) and Gordon et al. (1993) , respectively. The analytical limit of detection was 0.05 lM. To ensure the reproducibility of nutrient measurements among different sampling periods, in-house standards were employed, which were regularly compared to the commercially available products (OSIL marine nutrient standards).
Protocols used for chl a determination are summarised in Table 2 . Changes in extraction, separation and quantification (2000) Zapata et al. (2000) techniques were the result of the considerable advances in analytical procedures that occurred since 1979. Comparison of chl a measured by spectrophotometric techniques and determined by HPLC is given in Goffart et al. (2002) . The possible effect of changes of methods was tested by analysing series of samples with successive procedures. The agreement between successive methods was good for chl a, showing the continuity of the data set. As the resolution between divinyl-chl a (DVchl a) and chl a was not achieved by the methods used between 1979 and 2006, results are reported here in term of Total chl a (Tchl a = chl a + DVchl a). Standards purchased from DHI were used for calibration. Tchl a was analysed within 3 months of sampling.
Characteristics of nutrient and phytoplankton time series
Time series of nutrients and Tchl a were selected for numerical analyses based on the length and completeness of each data record, i.e. each selected series for a given year had to cover the entire cold-water period that year. For the earliest records (1979, 1986, 1988 and 1997) from which nutrient and phytoplankton values were missing at the beginning of the cold-water period, we relaxed this criterion, i.e. the maximum gap in the data we accepted was 36 days, which occurred in 1986. Based on this selection criterion, we kept nutrient and phytoplankton time series for 13 and 15 years, respectively (Table 3 ). The complete nutrient and phytoplankton biomass time series, as well as the 1999 vertical profiles, are available at http://doi.pangaea.de/10.1594/PANGAEA.832874 and http://dx.doi.org/10.1594/PANGAEA.846507 as online supporting material.
Integrated and mean concentrations over the cold-water period
Concentrations of NO 3 , Si(OH) 4 and Tchl a at 1 m depth were time-integrated over the cold-water period with the usual rectangle method (i.e. midpoint rule). When the first data point at the beginning of the cold-water period was missing, and no data was available during the previous weeks, typical late autumn values for the different variables were assigned to the first day of the cold-water period: these default values were 0.1 lM for NO 3 , 0.6 lM for Si(OH) 4 , and 0.1 lg L À1 for Tchl a. The total concentrations of NO 3 , Si(OH) 4 and Tchl a in surface water over the cold-water period were divided by the duration (number of days) of the latter to obtain mean cold-water period concentrations.
Results
Winter-spring pattern, with a focus on 1999
Results in this section focus on seasonal changes in water-column structure and the corresponding changes in temperature, NO 3 , Si(OH) 4 and Tchl a near the surface at station PHYTOCLY from mid-January to late June 1999. This dataset is unique in the 1979-2011 period of observation in that daily surface measurements were accompanied by weekly vertical profiles. In addition, a limited number of vertical profiles of temperature and r t acquired in other years at the canyon head station are presented for comparison.
Physical characteristics
In 1999, based on daily changes in subsurface water temperature at station PHYTOCLY, the cold-water period (613.5°C) started on 09 January and ended on 01 April (Table 3 and Fig. 2A ). Seasonal changes in the vertical distributions of temperature and r t at that station show a clear transition from winter to late spring (Fig. 3) . As long as the subsurface water temperature was 613.0°C, Table 3 Characteristics of the cold-water periods at the PHYTOCLY station during the 16 years with nutrient and/or phytoplankton time series. The frequency of southwesterly (SW) and northeasterly (NE) wind events is given only for moderate and severe winters (i.e. 1.3 6 WII 6 3.5 and WII > 3.5, respectively).
Year ( When available, vertical profiles of temperature and r t at the canyon head station show that when subsurface water temperature was 613.0°C, the water column was well mixed and the mixed layer extended deeper than the immersion depth of the CTD (60-85 m), indicating that the density difference between 0 and 60 m (Dr t 0-60 ) was %0.00 kg m À3 (Fig. 4) . When subsurface temperature was >13.5°C and <14.0°C, Dr t 0-60 was 0.35 kg m À3 . After the subsurface temperature reached 14.0°C, Dr t0-60 and the mixed layer thickness were directly and inversely proportional, respectively, to subsurface water temperature. By the end of May, the summer thermocline was well established and ranged between 20 and 40 m. The water column remained strongly stratified until late October (data not shown).
Nutrients
In 1999, surface NO 3 concentrations at station PHYTOCLY were highly variable during the cold-water period, ranging from 2.57 to 0.03 lM, in January and March, respectively ( Fig. 2A) . Close examination of the NO 3 and wind records show that nitrate covaried with wind intensity with a time lag of a few days ( Fig. 2A) . Each episode of continuously strong wind (mean daily wind speed >5 m s
À1
) was followed by a sharp NO 3 increase within 2-3 days. After the cold-water period had ended, i.e. after the beginning of April, NO 3 concentrations declined and remained at constantly low or very low levels (<0.02 to 0.61 lM), with the exception of the one-day 1.02 lM peak on 5 May, with no relationship between NO 3 concentrations and wind events anymore.
From mid-January to late June 1999, the vertical distributions of NO 3 were homogenous from surface to bottom (data not shown), so that surface and mean depth-integrated concentrations were very similar and linearly related (r 2 = 0.90). Surface Si(OH) 4 concentrations exhibited the same general pattern as nitrate, with some exceptions during very rainy days when small amounts of silicate from the granitic bedrock were sometimes introduced into the surface layer by freshwater runoff.
Phytoplankton biomass (Tchl a)
Surface phytoplankton biomass (Tchl a) at station PHYTOCLY started to increase by mid-February, when subsurface water temperature was still 613.0°C (Fig. 2B ). It reached a maximum value of 0.99 lg L À1 on 25 March, i.e. at the end of the cold-water period, and decreased very rapidly in early April. The phytoplankton bloom was plurimodal, with a succession of peaks and troughs.
Our 1999 observations showed that the bloom extended over the whole water column, and was homogenously distributed down to the bottom (Fig. 3D) . In a first phase (from mid-February to mid-March), Tchl a developed for about 4 weeks in a homogenous water column, when subsurface water was 613.0°C ( Fig. 3A and B) . In a second phase (from mid-March to the beginning of April), as winter progressively gave way to spring, Tchl a continued to increase for 2-3 weeks in conditions where vertical mixing alternated with some stability. The transition from the first to the second phase corresponded to a small increase in subsurface water temperature above the 13.0°C threshold, with a temporary reduction in the depth of the mixed layer. It was followed by positive and negative variations around the 13.0°C threshold (Fig. 3C) , which corresponded to a succession of fully mixed and more stable conditions, respectively. In a third, final phase (from the beginning of April onwards), the bloom collapsed abruptly when the cold-water period ended and that subsurface water temperature increased above 13.5°C, leading to a marked increase in the occurrence of very stable conditions.
From mid-January to late June, mean depth-integrated and surface values were very similar and linearly related (r 2 = 0.91). 3.2. Interannual variability 3.2.1. Water temperature During the whole 1979-2011 period, seasonal variations of subsurface water temperature followed a classical sinusoidal pattern, with minimum and maximum values during February (monthly average 13.0 ± 0.7°C) and August (monthly average 24.6 ± 1.2°C), respectively (Fig. 5A) . Similarly, during years when there were nutrient and/or phytoplankton time series (Table 3) , the coldest and warmest months were February (monthly average 12.8 ± 0.6°C) and August (monthly average 24.2 ± 1.1°C), respectively (Fig. 5B) . Between 1979 and 2011, the lowest value (11.2°C) was recorded in February 2010 and the highest (26.6°C) in July of the same year.
The timing and duration of the cold-water period varied from year to year (Table 3) . On the one hand, the beginning of the cold-water period varied from early December to late February in winters 2011 and 2007, respectively. On the other hand, the duration of the cold-water period varied from 2 to 128 days in winters 2007 and 2008, respectively.
Wind
In years when there were nutrient and/or phytoplankton time series at station PHYTOCLY, the number of wind events during the cold-water period varied from 0 to 40 in winters 2007 and 2008, respectively (Table 3) . There was an overall positive relationship between the number of wind events during the cold-water period and the duration of the latter (r 2 = 0.74), but long cold-water periods did not always contain high numbers of wind events. For example, the cold-water period lasted 118 days in winters of both 2006 and 2011, but the first winter was extremely windy (36 wind events) whereas the second was characterised by weak winds with During the 1979-2011 period, the prevailing direction of wind events during the cold-water periods was southwesterly, with Libeccio blowing from 200°to 240°most of the time (Fig. 6A) . Northeasterly wind events, blowing from 20°to 80°, occurred regularly but were much less frequent. In years when there were nutrient and/or phytoplankton time series at station PHYTOCLY, wind direction during wind events of the cold-water periods was similar to that of the whole 1979-2011 period (Fig. 6B) . During moderate and severe winters (WII P 1.3), the frequency of northeasterly wind events during the cold-water period ranged between 0 and 13% in 1979, 1986, 1988, 2000, 2009 and 2010 and between 18% and 37% in 1999, 2006, 2008 and 2011 (Table 3 and Fig. 6C and D) .
There was high variability in WII among years when there were nutrient and phytoplankton time series at station PHYTOCLY (Table 3) . There was an almost decadal, long-term variability in WII, with three distinct periods: the 1980s (until 1988), the 1990s (1989-1998) and the 2000s (1999-2011) , which were characterised by moderate, mild and highly variable winters, respectively (Fig. 7) .
Surface nutrients
Values in the 13 time series of surface nutrient concentrations at station PHYTOCLY ranged between <0.02 and 3.89 lM for NO 3 and <0.05 and 4.24 lM for Si(OH) 4 , and the high NO 3 concentrations occurred during cold-water periods (e.g. 1999, 2008, 2010) (Fig. 8) . Nitrate showed two contrasting patterns, which occurred (Table 1) .
repeatedly over the years although with high interannual variability. In the first pattern, NO 3 was very low and quite constant throughout the year (e.g. 1997, 2007) , and in the second, there was a large difference between the winter maximum and the following summer minimum (e.g. 1999, 2010). Only 2006 differed slightly from these two patterns, with high nitrate (1.20-2.51 lM) detected after the end of the cold-water period. The same general patterns were observed for silicate (data not shown), with some additional peaks observed after major rain events. Mean daily nitrate and silicate concentrations during each cold-water period (Table 3) provide estimates of the pools of nutrients in surface waters during the period of the year when phytoplankton could bloom. Interannual variability was very high, i.e. values ranged from 0.06 to 1.14 lM for NO 3 , and 0.64 to 1.99 lM for Si(OH) 4 .
Although WII was highly variable over the 1979-2011 period (Table 3 and Fig. 7) , plots of nutrients averaged over the cold-water periods as function of WII (Fig. 9) shows highly significant linear relationships between the variables (NO 3 , r = 0.85, n = 13, p = 0.0002; Si(OH) 4 , r = 0.81, n = 13, p = 0.0007). The pool of nutrients was low during mild winters characterised by low WII (e.g. 1997 WII (e.g. , 2007 , and high during severe winters characterised by high WII. The largest nutrient pool was recorded in winter 2006, with mean daily NO 3 and Si(OH) 4 values of 1.14 lM and 1.99 lM, respectively.
Surface phytoplankton biomass
Between 1979 and 2011, surface Tchl a concentrations ranged from undetectable to 1.88 lg L À1 . The 15 time series showed large interannual variability in phytoplankton biomass, i.e. years with and without a winter-spring phytoplankton bloom (Fig. 10) . In years with blooms (e.g. 1979, 1999, 2009) , increases in biomass always occurred during the cold-water period. The timing of the annual maximum changed with years, i.e. it occurred between the middle and the end of the cold-water period. A shift of 6 weeks was observed between the earliest occurrence of the annual maximum (on 8 February in 2011) and the latest (25 March in 1999). The bloom started to decline between the second half and the end of the cold-water period depending on the year, and always collapsed when the subsurface water temperature exceeded 13.5°C. As for mean NO 3 and Si(OH) 4 (Table 3) .
The plot of average Tchl a during the cold-water period as a function of WII (Fig. 9) shows that Tchl a was strongly related to WII, but not linearly (r = 0.75, n = 15, p = 0.0244). Indeed, during years with mild and moderate winters (WII 6 3.5) Tchl a increased with increasing WII, whereas in years with severe winters (WII > 3.5) Tchl a decreased with increasing WII. 
Discussion
In years when there were nutrient and chl a time series at station PHYTOCLY, samples were collected at frequencies that ranged from daily to biweekly during the winter-spring period (Table 1) . This relatively high sampling frequency could capture short-term environmental and phytoplankton variability, which is outside the observational window of the more usual fortnightly or monthly time series. Moreover, because the PHYTOCLY station is in direct connection with the open sea but close enough to the coast to be accessible by small boats, our results include data that describe phytoplankton responses to bad weather conditions, which are often lacking from long-term studies.
Water temperature thresholds during the winter-spring period
In the Western Mediterranean Sea, the general west-to-east gradient of increasing surface temperature makes difficult the direct comparison of different areas. Nevertheless, the annual pattern of subsurface water temperature in the Bay of Calvi during the 1979-2011 period was in good agreement with patterns reported for the coastal zones of the Balearic (Duarte and Agustí, 2004) and Ligurian (Gómez and Gorski, 2003) basins. In particular, variations were similar to those reported for the Bay of Villefranche-sur-Mer (Fig. 1A) during the 1979-1999 period, where the lowest values were recorded in February-March (monthly averages 13.3-13.4 ± 0.4°C) and the highest in August (monthly average 24.3 ± 0.8°C) (Licandro et al., 2006) .
In the offshore Western Mediterranean Sea, the mean winter temperature has been reported to vary among years in both surface waters (Skliris et al., 2011 ) and the 0-200 m layer (Marty and Chiavérini, 2010) , and the analysis of a nine-year data set from the Ligurian and Balearic basins showed that the mean surface winter temperature (January-March) ranged from %12.5 to 14.5°C (Santoleri et al., 1994) . Few studies only have focused on changes in winter temperature in the shallow and coastal waters of the western basin. Zingone et al. (2010) and Vandromme et al. (2011) reported the occurrence of cold and warm winters, but no increasing or decreasing trend with time was detected in mean surface temperature from December to March over the 1985-2006 period (Nykjaer, 2009) . Most of the studies in coastal areas have been devoted to changes in marine biota attributed to increasing summer temperatures. They included changes in distribution of thermophilic species (e.g. Francour et al., 1994) , or mortality episodes caused by exceptional high summer temperatures (e.g. Cerrano et al., 2000; Garrabou et al., 2009; Lejeusne et al., 2010) . In this study, we report for the first time, in a Mediterranean coastal area, large year-to-year variations in the timing and duration of the cold-water period, i.e. the period during which subsurface water was continuously 613.5°C.
Although the present study is mostly based on surface data, the data set on vertical distributions we acquired in 1999 shows that temperature largely drove the seasonal changes in r t on the vertical. The water column remained vertically homogenous as long as subsurface water temperature was 613.0°C, and showed an alternation of fully mixed and more stable conditions during the transition period when subsurface water temperature increased from >13.0 to 613.5°C. During this period, a weak pycnocline developed in response to small increases in subsurface water temperature, and intermittent shoaling of the mixed layer was observed. Warming above 13.5°C led to a progressive increase in the vertical r t gradient, with development of the summer thermocline. When available, vertical profiles recorded at the canyon head station showed that the main changes in the vertical structure of the water column occurred at the same temperature thresholds as observed at station PHYTOCLY in 1999.
In coastal waters of the Western Mediterranean, few studies have addressed the variability in the structure of the water column during the winter-spring transition. Moreover, the oldest data were acquired at low sampling frequency (i.e. fortnightly or monthly), which limits their usefulness in describing the winterspring transition. Nevertheless, the information reported for the 0-70 m upper layer in the coastal zones of the Balearic and Ligurian basins (Salat et al., 1978; Bustillos-Guzmán et al., 1995; Gómez and Gorski, 2003) is in good agreement with our observation that major changes in the water column structure occur upon crossing the subsurface water temperatures of 13.0 and 14.0°C. Hence, keeping in mind that subsurface water temperature alone cannot provide full characterisation of the vertical structure of the water column, we use here subsurface temperature thresholds as proxies for that vertical structure in the Bay of Calvi, i.e. 613.0°C corresponds to vertical homogeneity of the water column, between >13.0 and 613.5°C is associated with alternation of vertically mixed and more stable conditions, and P13.5°C is the tipping point towards (slightly) stratified and more stable conditions.
Specific aspects of the phytoplankton bloom in the Bay of Calvi
Due to the high or very high sampling frequency used in the 15 years when there were Tchl a time series at station PHYTOCLY, all phytoplankton peaks were likely captured over the observed winter-spring periods, showing that the occurrence of bloom and non-bloom years was one of the main characteristics of the Bay of Calvi. This is different from reports in other Western Mediterranean areas where the winter-spring phytoplankton bloom developed every year in coastal waters, such as the Gulf of Naples (e.g. of Banuyls-sur-Mer (e.g. Neveux et al., 1975; Charles et al., 2005) , and Blanes Bay (e.g. Herrera and Margalef, 1961; Mura et al., 1996) .
Recent studies based on satellite-derived chl a concentrations provided synoptic pictures of phytoplankton phenology in the Mediterranean Sea (e.g. D'Ortenzio and Ribera d 'Alcalà, 2009; Olita et al., 2011; Lavigne et al., 2013) resolutions of 18 and 9 km, respectively, and assigned the Calvi area and the northern half of the western Corsican coast to the blooming regime. This discrepancy between the maps in these publications and our observations is because the size of the Bay of Calvi corresponds to a single pixel size in the satellite images used in the above publications.
During bloom years at the PHYTOCLY station, there were marked differences in the onset, date of maximum concentration, duration and intensity of the surface phytoplankton bloom. However despite these differences, all bloom years shared one key characteristic, i.e. Tchl a always increased and peaked during the cold-water period, when subsurface water was 613.5°C.
Based on our observations of the bloom development in 1999, we hypothesise that, in years when it when occurs, the phytoplankton bloom at station PHYTOCLY starts and develops in winter in a homogenous water column with subsurface temperature 613.0°C, continues in conditions of alternation between fully mixed and more stable water column with temperature between >13.0 and 613.5°C, and collapses abruptly in the days that follow the end of the cold-water period, when stable conditions develop. We are aware that this pattern is based on only one series of detailed observations on the vertical distributions of temperature, r t and Tchl a and that it needs to be further confirmed by other field data. However, our hypothesis is grounded in both the robustness of the very detailed 1999 data series, and the fact that, in the available 15 Tchl a time series at station PHYTOCLY, the phytoplankton bloom always occurred within the cold-water period. A few field studies have also reported the regular occurrence of winter blooms in vertically mixed coastal Mediterranean waters (Ribera d 'Alcalà et al., 2004; Goffart and Hecq, 2005; Zingone et al., 2010) . According to the latter study, those blooms are characterised by moderate chl a concentrations vertically distributed down to the bottom, which result in winter depth-integrated biomass values that are comparable to those found in spring at the same station. Such blooms do not fit the usual idea that phytoplankton are blooming because of warming/stratification of the surface layer (e.g. Sverdrup, 1953; Estrada et al., 1985; Falkowski and Raven, 2007) , and that stratifying or stratified conditions are a necessary preconditioning factor for the onset of the Mediterranean winter-spring bloom (e.g. Bustillos-Guzmán et al., 1995; Bonilla-Findji et al., 2010; Latasa et al., 2010) . Our observations and those reported above indicate instead that phytoplankton blooms may be diverse in terms of patterns and formation mechanisms (e.g. Townsend et al., 1992; Behrenfeld, 2010; Chiswell, 2011) . High phytoplankton biomass in the absence of thermal stratification could be explained by (1) the close-to-the-surface bottom, which keeps phytoplankton in layer that is always well illuminated , (2) sustained periods of calm weather during which vertical mixing would be weak (Townsend et al., 1994) , (3) rate of phytoplankton photoacclimation faster than vertical mixing (Morán and Estrada, 2005) , and (4) decoupling between phytoplankton growth and grazing, which would make the loss term (grazing) smaller than the gain (growth) (Behrenfeld, 2010; Herrmann et al., 2013) .
Seasonal control of nutrient enrichment
In the Bay of Calvi, previous field studies had suggested that surface nutrient replenishment was wind-dependent (Brohée et al., 1989; Goffart, 1992) . In this study, results from the 1999 survey showed that wind events (mean daily wind speed >5 m s À1 ) blowing during at least 48 h during the cold-water period, i.e. the period during which subsurface water was continuously 613.5°C, were repeatedly followed by local increases in nutrients, which indicates that wind events induced vertical mixing that drove upward mixing of nutrient-rich deep waters. After the end of the cold-water period, i.e. as soon as seasonal stabilization of the water column started, wind events were not followed any more by injection of deep nutrients in the surface layer. This is because the r t gradient prevented wind to cause strong vertical mixing, which stopped the upward flux of nutrients previously associated with vertical mixing, and as a consequence the surface layer became rapidly depleted in nutrients. It follows that wind intensity and water temperature interacted to deliver nutrients to the surface layer under specific hydrodynamical conditions, i.e. the presence of a vertically homogenous or temporarily and slightly stratified water column, which was characterised by subsurface water temperature 613.5°C.
Bearing in mind that water depth in the western part of the Bay of Calvi ranges between 10 and 50 m, i.e. shallower than the upper part of the deep nutrient reservoir, the rapid increases in nitrate observed after wind events were most likely due to onshore advection of nutrient-rich deeper water. This is consistent with the results of a 3D high-resolution model that investigated the effects of wind forcing on flow patterns and cross-shelf exchanges in the Calvi area during the homogenous winter and early spring conditions (Skliris et al., 2001b) . Simulations performed with strong wind (10 m s À1 during 24 h) showed that wind forcing was responsible for a drastic increase of cross-shore transport between the bay and the canyon area (3-4 times larger than in the no-wind case). We cannot fully exclude the occurrence of pulsed inputs of nutrient through resuspension of bottom sediments during wind events, but it is generally recognised that extensive meadows of Posidonia oceanica, such as those present in the Bay of Calvi, significantly buffer sediment resuspension (Gacia and Duarte, 2001; Duarte et al., 2013) .
It thus appears that (1) the number of wind events during the cold-water period was the main driver of upward flux of nutrients associated with vertical mixing at the seasonal scale, (2) the presence of the canyon in front of the Bay of Calvi promoted exchanges between offshore nutrient-rich deep water and shallow coastal water, and (3) these exchanges were enhanced by wind forcing.
Interannual control of nutrient enrichment
Our time series shows that the Bay of Calvi oscillated between a subtropical pattern, characterised by low nutrient seasonality, and a temperate regime, with a well-marked increase in nutrient during the winter-spring period. As a consequence, the trophic status of the bay varied from very oligotrophic (NO 3 6 1.0 lM throughout the year), when the subtropical pattern dominated, to mesotrophic (NO 3 > 1.0 lM during the cold-water period), in years characterised by the temperate regime. This stresses the important point that surface nutrient replenishment does not occur year after year in the Bay of Calvi, which is contrary to the well-established idea that, in the Western Mediterranean, vertical mixing systematically restores nutrients in the surface layer during winter thus leading to high nutrient concentrations during or at the end of winter in both coastal and offshore waters (e.g. Estrada et al., 1985; Bustillos-Guzmán et al., 1995; Marty et al., 2002) .
We used the WII to investigate the link between the interannual variability of winter intensity, and that of nutrients during the cold-water periods. It follows from the relationships in Fig. 9 that, at the PHYTOCLY station at the interannual scale: (1) nutrient enrichment of surface waters, although variable interannually in intensity, was driven every year by wind forcing during the cold-water period; (2) wind-induced vertical mixing explained most of the interannual variability in surface nutrient stocks.
Despite the strong relationships between the WII and nutrient stocks, differences in nutrient availability were sometimes observed in years having the same WII. These differences were not correlated with changes in the predominant directions of wind events (Fig. 9 ). They were probably driven by processes affecting the upper layer of the western Corsican coastal waters at different, and often interconnected, temporal and spatial scales. For example, regional (but undocumented) variations in the dynamics of the mixed layer related to the complex topography and atmospheric inputs could presumably have been superimposed on the local drivers of vertical mixing and affect the nutrient contents of the surface layer.
Nutrient inputs from atmosphere are by nature highly episodic. They occur through rainwater and aeolian events, and are a potentially important source of macro-and micro-nutrients (N, P, Si, Fe, and other metals; Loÿe-Pilot et al., 1990; Guieu et al., 2014) . In the Mediterranean Sea, the main natural source of land-derived particles is wind-blown Saharan dust. In Corsica, 75-95% of the Saharan dust are deposited through rain, but the flux of dust particles is independent of the amount of rainfall (Loÿe-Pilot and Martin, 1996; Guerzoni and Molinaroli, 2005) . Deposition of the remaining part of dust occurs by direct deposition of aerosols during periods without rain (Morales-Baquero et al., 2013 ). A 11-year survey (1984 of Saharan dust inputs showed that the frequency and the magnitude of the events were minimum in winter (December-February) and maximum in spring (March-May) (Loÿe-Pilot and Martin, 1996) . The atmospheric input of dissolved inorganic nitrogen (DIN, wet + dry deposition) measured over the 1984-1986 period in a pristine area of South Corsica (Bavella station) ranged from 46.0 to 54.8 mmol m À2 y À1 (Loÿe-Pilot et al., 1990) . More recently, the annual DIN flux (wet + dry deposition) measured between June 2001 and May 2002 at a controlled-access coastal station (Ostriconi) close to our PHYTOCLY station was 2 times smaller than that measured at Bavella, reaching only 25.4 mmol m À2 y À1 (Markaki et al., 2010) . According to Fig. 2 of Markaki et al. (2010) , the atmospheric deposition of DIN was %4.5 mmol m À2 during the cold-water period of the mild (i.e. not very windy) winter of 2002 (January-March, 90 days), which represents a mean input of 0.05 mmol m À2 d
À1
. Assuming that the deposited DIN was diluted by mixing over the 40 m water column of the PHYTOCLY station, then the atmospheric input of DIN accounted for only 3.8% of the inorganic nitrogenous stock during the cold-water period of winter 2002 (0.33 lM, Table 3 ). Although limited to one year, this observation suggests that wind-induced vertical mixing was the main factor explaining most of the interannual variability in the stock of surface nutrients in the Bay of Calvi during the cold-water periods, even during mild winters. It follows from the above considerations that, at the interannual scale, the main driver of vertical mixing events and resulting nutrient enrichments was the number of wind events during the cold-water period.
At the scale of the Western Mediterranean Sea, the depth reached by winter convection and its duration are key factors that determine the efficiency of the vertical mixing (Heimbürger et al., 2013) , and the associated upward flux of nutrient. As in the Bay of Calvi, the intensity of winter convection in the Gulf of Lion and in the central Ligurian Sea (MEDOC area and DYFAMED site, respectively; Fig. 1A ) shows strong interannual variability, i.e. warm years with very limited vertical mixing, and cold years where the water column can be mixed over its whole depth (Herrmann et al., 2009; Marty and Chiavérini, 2010) . In the Gulf of Lion, extreme cascading events occurred in winter 1999 (Bethoux et al., 2002) and 2010 (Puig et al., 2013) . Field observations and model simulation covering the 1999-2007 period described winter 2006 as stronger than the average, and showed that there was no convection during winter 2007 (Herrmann et al., 2009) . At the DYFAMED site, in situ data acquired over the 1988-2008 period and model results indicated weak convection in winter 1998, intense but short convection in winter 1997, relatively shallow convection during winter 2002, strong and very strong convection events during winters 1988 and 2008, respectively, and long-lasting winter convection (e.g. more than 3 months) in 1999 (Heimbürger et al., 2013) . The most remarkable mixing event over the 1995-2007 period was observed in February 2006, when convection occurred over the whole water column at the DYFAMED site (down to >2000 m; Marty and Chiavérini, 2010) . Hence most of the interannual variability in the intensity of winter vertical mixing at the DYFAMED site and in the MEDOC area was similar to that estimated by our WII in the Bay of Calvi, i.e. absence or very short winter convection in 2007 and 1998 , shallow mixing in 2002 , higher mixing in 1988 , long period of mixing in 1999 , and intense mixing in 2006 and 2008 is likely that the years of cold/warm winters correspond to strong/weak convection, and to high/weak replenishment of nutrients in the surface layer in the whole Western Mediterranean.
Interannual control of phytoplankton blooms
We also used our WII to investigate the link between the interannual variability in winter intensity and mean surface Tchl a during the cold-water periods. The fact that higher Tchl a corresponded to higher WII in years characterised by mild and moderate winters indicates that the intensity of the bloom was then related to the frequency of wind events during the cold-water period, and that phytoplankton took advantage of nutrients brought by wind-induced vertical mixing to develop in the Bay of Calvi. For WII 6 3.5, the trophic regime of the Bay of Calvi ranged from very oligotrophic to mesotrophic during mild and moderate winters, respectively, with correspondingly low to high Tchl a. Moreover, close examination of wind data shows that, during moderate winters (1.3 6 WII 6 3.5), year-to-year changes in the strength of the winter-spring phytoplankton bloom were related to small changes in the prevailing direction of wind events during the cold-water periods. In years with similar WII, higher Tchl a values were observed in years with high frequency (59-88%) of wind events blowing from the southwest and low frequency (613%) of northeasterly wind (Fig. 9) . In contrast, lower phytoplankton biomass was observed in years with higher frequency (>13%) of northeasterly wind and lower (44-63%) frequency of southwesterly winds. This can be interpreted as accumulation of phytoplankton biomass in the Bay of Calvi when the prevailing winds were almost always from the southwest, and high offshore transport in years when winds blew more frequently from the northeast thus eroding the developing phytoplankton bloom. This suggests that small changes in the prevailing direction of the wind events during the cold-water periods influenced the horizontal water circulation in the Bay of Calvi and thus the residence time of waters in the Bay, which affected the concentration of phytoplankton.
During severe winters (WII > 3.5) with increasing WII, nutrients increased up to their maximum concentrations and Tchl a decreased progressively (Fig. 9) . During the two most severe winters in the time series (2006 and 2008, WII P 4.3) , there was no phytoplankton bloom despite high nutrient availability. Such «high nutrient -low chlorophyll» conditions were relatively unexpected in a Mediterranean coastal area. They indicate that the development of phytoplankton biomass was limited by other factors than nutrient availability during winters 2006 and 2008. We discuss in turn three possible limiting factors: irradiance, grazing by zooplankton, and offshore export.
Irradiance is obviously key to photosynthesis, but it is generally high enough in Western Mediterranean waters to promote net phytoplankton growth even in homogeneous and vertically mixed water columns (Morán and Estrada, 2005; Zingone et al., 2010 Zooplankton grazing is another factor that can exert a strong top-down control on phytoplankton biomass, and reduce drastically the standing stock. In Mediterranean coastal waters, the role of zooplankton grazing on phytoplankton biomass is under debate, as illustrated by the conclusions of two studies performed in the Bay of Villefranche-sur-Mer. García-Comas et al. (2011) , analysing zooplankton collected with a Juday-Bogorov net (330 lm mesh size), reported a dominant bottom-up control of zooplankton biomass year long. On the other hand, Vandromme et al. (2011) , who worked on zooplankton collected with a smaller mesh size (WP2 net, 200 lm), found that a top-down control of phytoplankton occurred every year from March to late October. We do not have enough information to discuss in any detail the role of zooplankton grazing at our sampling station. Nevertheless, the observation that, in the Bay of Calvi, mesozooplankton biomass collected weekly between January and April was 2-fold lower in 2006 and 2008 than in 2010 (Collignon, 2014) suggests that phytoplankton was not strongly controlled by grazers during the cold-water periods. This is in agreement with several studies reporting that grazing is low in the Western Mediterranean in winter in both coastal areas (Duarte et al., 1999; Agustí and Duarte, 2000; Zingone et al., 2010) and the open sea (Auger et al., 2014) . Moreover, Behrenfeld (2010) showed that vertical mixing, which is essential for phytoplankton bloom formation, dilutes both predators and preys, whereas stratified conditions concentrate them. Hence we assume that zooplankton grazing controlled only moderately or not at all phytoplankton biomass during the cold-water periods in severe winters, and was not responsible for low Tchl a during winters 2006 and 2008. We assume instead that export to offshore nutrient-rich waters was likely the most important factor explaining the reduced phytoplankton biomass accumulation at very high WII, and that cross-shore transport was reinforced in 2006 and 2008, when high frequency of winds blowing from the northeast (18-25%, Table 3 ) dominated. The former hypothesis is supported by modelling simulations showing that, in the Bay of Calvi, strong wind forcing (10 m s À1 during 24 h) was responsible for a 3-4-fold increase in cross-shore transport compared to no-wind situation (Skliris et al., 2001b) . Accordingly, frequent and strong wind events blowing from the northeast could have generated instances of high cross-shore exchanges, which decreased the residence time of waters in the bay, and thus prevented the development and accumulation of phytoplankton biomass in the nutrient-rich coastal waters.
In summary, much of the interannual variability of phytoplankton bloom dynamics at the PHYTOCLY station can be interpreted as responses to interannual differences in wind-driven physical processes during the cold-water period, which both control the development of the phytoplankton bloom and drive cross-shore exchanges with offshore waters. Taking WII as a proxy for winter intensity shows that (1) there was no phytoplankton accumulation in mild winters; (2) moderate winters favored the buildup of phytoplankton biomass (bloom), whereas extremely severe winters characterised by a high frequency of northeasterly winds prevented it; and (3) vertical mixing controlled phytoplankton development through the agency of nutrient availability during moderate winters, in the absence of light limitation.
Long-term changes in the Bay of Calvi and at larger Mediterranean scales
No continuously increasing or decreasing trend with time was detected in WII from 1979 to 2011, but instead three successive periods were identified, characterised by moderate (1979-1988), mild (1989-1998) and highly variable winters (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) , respectively. Extreme WII values were observed in two consecutive winters during the last decade (2007 and 2008, respectively) , with corresponding minimum and very high values in both mean NO 3 and Si(OH) 4 . Changes in winter intensity between the three periods were abrupt.
In a previous study based on 5 annual time series acquired at the PHYTOCLY station (1979, 1986, 1988, 1997, and 1998) , we had reported a continuous decrease of Tchl a during the winter-spring period (Goffart et al., 2002) . We had related this major change to increasing winter water temperature and decreasing wind intensity, and hypothesised that the changes in environmental conditions had been large enough to reduce vertical mixing and associated nutrient replenishment of the surface layer from 1979 to 1998. However, when considering the whole data set and not only the five years included in our 2002 study, we found that there was no continuously increasing or decreasing trend in nutrient fertilisation of the surface layer and thus in the magnitude of the phytoplankton bloom. The apparent disagreement between our present results and those from our previous study are explained by the existence of the three successive periods in WII identified above. Indeed, the time series included in our first study consisted of years with continuously decreasing WII, leading to continuous decreases in both nutrient and Tchl a during the winter-spring period between 1979 and 1998 (Fig. 7) . However, WII became extremely variable from 1999 onwards, which was accompanied by high interannual variability in surface nutrient replenishment and phytoplankton bloom intensity. This highlights the relevance of time series to detect differences between fluctuations and trends.
The present study is focused on the links between environmental drivers and phytoplankton bloom dynamics in the Bay of Calvi, and does not address possible regime shifts that have been the focus of recent attention in the Mediterranean Sea (e.g. Conversi et al., 2010; MerMEx group, 2011; Cabrini et al., 2012) . Nevertheless, three striking similarities between our observations and events elsewhere in the Northwestern Mediterranean Sea are: (1) the correspondence between the decadal changes in WII in the Bay of Calvi and the nearly similar decadal changes in environmental conditions reported in the Bay of Villefranche-sur-Mer (García-Comas et al., 2011) , (2) the co-occurrence of decadal changes in WII in the Bay of Calvi and decadal variability in winter mixed layer depth reproduced by modelling at the DYFAMED site (Auger et al., 2014) , and (3) the increasing occurrence of extreme events of strong winter mixing in both the Bay of Calvi and at the DYFAMED station in recent years (Marty and Chiavérini, 2010; Heimbürger et al., 2013) . This indicates that the mechanisms we identified from the 1979 to 2011 period of observation in the Bay of Calvi are pertinent to other Northwestern Mediterranean areas, stressing the importance of winter conditions in determining the state of Mediterranean pelagic ecosystems. There is also evidence that decadal fluctuations similar to those of WII in the Bay of Calvi (1979 Calvi ( -1988 Calvi ( , 1989 Calvi ( -1998 Calvi ( , and 1999 Calvi ( -2011 occurred in deposition of atmospheric dust, with the three successive periods characterised by deposition fluxes that were moderate-high (1984 -1989 Loÿe-Pilot and Martin, 1996 ), low-moderate (1990 -1998 Loÿe-Pilot and Martin, 1996; Guieu et al., 2010) , and highly variable (1999 -2011 Guieu et al., 2010; Ternon et al., 2010; Desboeufs, personal communication) . The concomitance of decadal fluctuations in our WII and deposition fluxes of atmospheric dust suggests that the changes in WII we observed in the Bay of Calvi reflected atmospheric phenomena that were occurring at a much larger scale than the Northwestern Mediterranean basin.
Concluding remarks
Using long-term observations performed in the Bay of Calvi at the PHYTOCLY station, we characterise the effects of key environmental drivers on nutrient and phytoplankton dynamics in a Mediterranean coastal area free from local anthropogenic pressure. We showed that the nutrient and Tchl a conditions of the sampled waters ranged from very oligotrophic (i.e. corresponding to a subtropical regime) to mesotrophic (i.e. matching a temperate regime) during physically mild and moderate winters, respectively, and high nutrient -low chlorophyll conditions during severe winters characterised by specific wind conditions (i.e. high frequency of northeasterly winds). This wide range of nutrient regimes over the years at a single station covers all phytoplankton growth conditions that have been reported to occur in the Western Mediterranean Sea. From high-frequency field data, we identified threshold values of physical variables below and above which they strongly influenced winter-spring nutrient availability and phytoplankton bloom characteristics. We described a mechanism that links winter physics, nutrient replenishment of the surface layer and phytoplankton dynamics under the different combinations of meteorological conditions that occurred during the 32 years of observations. This mechanism and the associated thresholds provide key information for ecologists and modellers who are interested in predicting biological production in the changing Mediterranean Sea.
